Photoelectron spectroscopy measurements show that ͑NH 4 ͒ 2 S x surface treatment may lead to an increase in the work function of indium-tin oxide ͑ITO͒, due to the occupation of oxygen vacancies ͑V O ͒ by sulfur and a reduction in the amount of V O near the ITO surface region. Comparison between the current-luminance-voltage characteristics of polymer light-emitting diodes fabricated on ITO substrates with and without ͑NH 4 ͒ 2 S x treatment, shows that ͑NH 4 ͒ 2 S x treatment led to the enhancement of external quantum efficiency, due to the reduction of forward-biased leakage current ͑resulting from the reduction of V O -related defects near the ITO surface region͒. Organic light-emitting diodes ͑OLEDs͒ are a rapidly growing field of research, as many commercial applications appear. On the other hand, polymer light-emitting diodes ͑PLEDs͒ have attracted considerable attention due to their application in displays.
Organic light-emitting diodes ͑OLEDs͒ are a rapidly growing field of research, as many commercial applications appear. On the other hand, polymer light-emitting diodes ͑PLEDs͒ have attracted considerable attention due to their application in displays. 1, 2 One of the most important challenges in the field of OLEDs is to improve the carrier injection for fabricating high-efficiency devices. Efficiency is a key issue, not only for energy consumption, but also for its effect on the longevity of the devices, since the ability to operate a device at a lower input power at a given luminance decreases ohmic heating and increases device lifetime. Indium-tin oxide ͑ITO͒ has been the most common small-molecule OLED ͑or PLED͒ anode due to its high conductivity, high work function ͑W͒, and high transparency. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] However, ITO surfaces contain oxygen vacancies ͑V O ͒ that can create short circuits in PLEDs and increase the leakage current. In a previous study, 10 we demonstrated that the reduction of V O near the ITO surface region induces an increase in W on ITO surfaces and the reduction of the leakage current. Therefore, it is necessary to reduce V O near the ITO surface region and minimize the leakage current to prevent unnecessary wasting of power and to increase luminance efficiency and lifetime. 8, 11 In this study, we report the effect of ͑NH 4 ͒ 2 S x surface treatment on the efficiency performance of PLEDs.
ITO samples with the film thickness of 100 nm and the sheet resistance of 10 ⍀/ᮀ were used in this work. An ITO-coated glass substrate was first cleaned by ultrasonic agitation in ethanol and then in acetone followed by mechanical scrubbing in deionized water using a detergent. The samples were then cleaned in an ultrasonic bath using a water solution of the same detergent and rinsed several times by ultrasonic agitation in water ͑referred to as as-cleaned ITO͒. Some of the as-cleaned ITO samples were next dipped into a yellow 60°C ͑NH 4 ͒ 2 S x solution ͑with 6% of S͒ for 2 min ͓referred to as ͑NH 4 ͒ 2 S x -treated ITO͔. Next, as-cleaned and ͑NH 4 ͒ 2 S x -treated ITO samples dried under a dry nitrogen flow and were treated with UV ozone for 9 min 12 prior to the deposition of the polymer layers. Wu et al. 13 suggested that removal of the organic residue from the cleaned ITO surface by the UV ozone treatment could be partially responsible for the device improvement. The luminescent polymer is a 100 nm green polyfluorene. Ca/Al ͑60/120 nm͒ was used as the electron-injecting electrode ͑cathode͒, vacuum evaporated on top of the polymer films. The final structure of the devices was ITO/PEDOT͑40 nm͒/polyfluorene/Ca/Al. The current-voltage ͑I-V͒ characteristics of the devices were measured with a Keithey-2400 source meter. The luminance of the PLEDs was measured with a luminance-meter ͑Topcon BM-8, accuracy: luminance ±4% of reading͒. The emission area of each PLED was 2 ϫ 3 mm. In this study, ultraviolet and X-ray photoelectron spectroscopy ͑UPS and XPS͒ was employed to examine the changes in the W of ITO and the chemical bonding states at the ITO surfaces. Work functions were determined by location of the energy of the high binding energy cutoff in photoemission from the sample. We used an unfiltered He I ͑21.2 eV͒ discharge emission for UPS analysis and a monochromatic Al K␣ source ͑1486.6 eV͒ for XPS analysis. We took a Au 4f 7/2 XPS peak, a C 1s XPS peak and a Au UPS spectrum for energy reference purposes.
In Fig. 1 , the inset panel shows the S2p core-level XPS spectrum for ͑NH 4 ͒ 2 S x -treated ITO samples. In the inset panel of Fig. 1 , we see that the 2p 3/2 component is located at ϳ162 eV, assigning to that of S-In and S-Sn bonds. This implies that the sulfide treatment causes InS x and SnS x to form at the ITO surface ͑i.e., the occupation of V O by the sulfur͒. Figure 1 also shows the I-V curves in forward bias for PLEDs fabricated on as-cleaned and ͑NH 4 ͒ 2 S x -treated ITO substrates. In Fig. 1 , we find that forward currents of the PLED z E-mail address: rzr2390@yahoo.com.tw fabricated on ͑NH 4 ͒ 2 S x -treated ITO substrates are less than those of the PLED fabricated on as-cleaned ITO substrates. In addition, the luminance-voltage ͑L-V͒ characteristics and external QE of PLEDs fabricated on as-cleaned and ͑NH 4 ͒ 2 S x -treated ITO substrates are shown in Fig. 2 . The reason why L-V characteristics and external QE are simultaneously increased after ͑NH 4 ͒ 2 S x treatment is thought to be the reduction in leakage current flowing along the pathway without any contributed light emission and the increase in the recombination rate of electron-hole pairs. A further explanation for this will be given later. Figure 3 shows the UPS spectra region for the high binding energy cutoff ͑i.e., W͒. We took a Au UPS spectrum for energy reference purposes. Work function is determined by the difference between photo energy ͑He I, 21.2 eV͒ and the binding energy cutoff, 14, 15 i.e., the photoelectron kinetic energy cutoff, the very definition of work function. The binding energy cutoff was determined by extrapolating two solid lines from the background and straight cutoff in the spectra. 16 W of as-cleaned and ͑NH 4 ͒ 2 S x -treated ITO samples are calculated to be about 4.5 and 5.5 eV, respectively. This result means that the W of ͑NH 4 ͒ 2 S x -treated ITO is higher by ϳ1 eV than that of as-cleaned ITO. In Fig. 3 , the inset panel shows transmittance spectra of ascleaned and ͑NH 4 ͒ 2 S x -treated ITO samples in the ultraviolet and visible-light regions. To further confirm whether ͑NH 4 ͒ 2 S x treatment may lead to changes in the transmittance of ITO or not, the transmittances of as-cleaned and ͑NH 4 ͒ 2 S x -treated ITO samples must to be observed. We did not find transmittance degeneration or improvement following ͑NH 4 ͒ 2 S x treatment. As a result, an increase in luminance of PLEDs ͑shown in Fig. 2͒ is not due to the change in transmittance of ITO.
To confirm the reduction in the barrier height at the PEDOT/͑NH 4 ͒ 2 S x -treated ITO interface, a thin PEDOT overlayer was coated on the as-cleaned and ͑NH 4 ͒ 2 S x -treated ITO samples. Figure 4 shows XPS spectra of In3d 5/2 core level for the as-cleaned and ͑NH 4 ͒ 2 S x -treated ITO samples after the PEDOT coating. The thickness of the PEDOT layer on as-cleaned ITO is the same as the thickness of the PEDOT layer on ͑NH 4 ͒ 2 S x -treated ITO. On the basis of XPS measurements, the PEDOT/as-cleaned ITO samples show the binding energy shift of the In3d 5/2 XPS spectrum by 0.4 eV to higher binding energy with respect to the PEDOT/͑NH 4 ͒ 2 S x -treated ITO samples, meaning that the W in ITO near the PEDOT/͑NH 4 ͒ 2 S x -treated ITO interface is larger than the W in ITO near the PEDOT/as-cleaned ITO interface. Sapp et al., 17 suggested that the W of a hole transport layer relative to a metallic contact is particularly important with respect to carrier injection, too high of a hole transport layer W can hinder or ruin hole injection, and the lower W semiconductor should eliminate the interfacial barrier and lead to a greater hole injection rate. For ITO, W is changed from 4.5 to 5.5 eV in this study and it was found that this level can be tuned to the W of properly prepared PEDOT ͑a range of W reported from 4.7 to 5.4 eV͒ 18, 19 so as to form an ohmic contact ͓due to W of ITO ജ W of PEDOT, as shown in Fig. 2b of Ref. 17͔. According to the reported result by Lee et al., 20 we find that the change in the barrier height of Ni on ITO is deeply related to the shift of In3d 5/2 core level spectra. On the basis of the evidence, we deduce that the binding-energy difference between the In3d 5/2 XPS spectrum of the PEDOT/as-cleaned ITO sample and the In3d 5/2 XPS spectrum of the PEDOT/͑NH 4 ͒ 2 S x -treated ITO sample is related to the difference between the barrier height at the PEDOT/as-cleaned ITO interface and the barrier height at the PEDOT/͑NH 4 ͒ 2 S x -treated ITO interface. This result, shown in Fig. 4 , provides direct evidence of the reduction of the barrier height for hole transport at the PEDOT/͑NH 4 ͒ 2 S x -treated ITO interface.
Based on the results shown in Fig. 1 and 3 , we suggest that ͑NH 4 ͒ 2 S x surface treatment may lead to the reduction of V O -related defects near the ITO surface region ͑due to the occupation of V O by the sulfur͒, resulting in an increase in W of ITO surfaces. In previous studies, 21, 22 we demonstrated that a reduction in the amount of V O led to an increase in W of ITO. In addition, according to the results shown in Fig. 1-3 we deduce that the increase in W of ͑NH 4 ͒ 2 S x -treated ITO surfaces is deeply related to the occupation of V O by the sulfur ͑i.e., a reduction in the amount of V O ͒ and the formation of In-S and Sn-S bonds near the ITO surface region. The occurrence of significant changes in the W of ITO, the chemical bonding states at the ITO surface and leakage current as a result of ͑NH 4 ͒ 2 S x treatment indicates that the existence of a large leakage current in PLEDs fabricated on as-cleaned ITO substrates may be attributed to the presence of more V O near the as-cleaned ITO surface region. Wu et al. 13 demonstrated that ITO surface modification leads to good performance even in single-layer-polymer-based OLEDs, for which the ITO surface properties are more critical than in multilayer devices. However, the increase in W of ITO, as well as the formation of a lower barrier at the PEDOT/ITO interface ͑shown in Fig. 4͒ , may result in an increase in forward current. On the contrary, we find that current in PLEDs fabricated on ͑NH 4 ͒ 2 S x -treated ITO substrates is smaller than current in PLEDs fabricated on as-cleaned ITO substrates. Consequently, we deduce that a large amount of leakage current may be present for PLEDs fabricated on as-cleaned ITO substrates, and the reduction in leakage current ͑due to the reduction in V O ͒ may be more than the increase in forward current ͑due to the increase in W͒ for PLEDs fabricated on ͑NH 4 ͒ 2 S x -treated ITO substrates. This explained why forward current for PLEDs fabricated on ͑NH 4 ͒ 2 S x -treated ITO substrates is less than that for PLEDs fabricated on as-cleaned ITO substrates ͑shown in Fig. 1͒ . Similarly, Halder et al., 23 reported that the leakage was reduced after an ozone anneal, due to the reduction of the concentration of V O in the vicinity of the Pt/͑Ba x Sr 1−x ͒TiO 3 interface.
In summary, the mechanisms of performance improvement for PLEDs fabricated on ͑NH 4 ͒ 2 S x -treated ITO substrates have been investigated. ITO films, which were dipped into a 60°C ͑NH 4 ͒ 2 S x solution for 2 min, showed increased W because of the formation of In-S and Sn-S bonds and the occupation of V O by the sulfur, thereby reducing the number of V O . Note that current in the PLEDs fabricated on as-cleaned ITO surfaces is larger than current in the PLEDs fabricated on ͑NH 4 ͒ 2 S x -treated ITO surfaces and the luminance in the PLEDs fabricated on ͑NH 4 ͒ 2 S x -treated ITO surfaces is slightly higher than the luminance in the PLEDs fabricated on as-cleaned ITO surfaces, meaning the presence of a large leakage current in the PLEDs fabricated on as-cleaned ITO surfaces. Because the leakage was reduced after ͑NH 4 ͒ 2 S x treatment, we deduce that a large leakage current in the PLEDs fabricated on as-cleaned ITO surfaces may be associated with the existence of more V O in ITO. On the basis of the evidence, we suggest that an increase in W and a reduction in the amount of V O of ITO play positive roles in increasing the external QE of PLEDs.
